Incubation of Succharomyces cereuisiae with the plant cytokinin W-(A2-isopentenyl)adenine (2iP) resulted in an induction of thermotolerance similar to that induced by sublethal temperatures. Intracellular cAMP levels did not change significantly either during incubation at a sublethal temperature or in the presence of 2iP or ethanol. This suggested that stress-induced thermotolerance is triggered by a mechanism independent of cAMP activation. However, measurement of stress-induced thermotolerance in two mutant strains (tpkl, tpk2, TPK3; tpkl, TPK2, tpk3) each deficient in two of the catalytic subunits of the CAMP-dependent protein kinase (cAPK), revealed that sublethal heat induces thermotolerance by a mechanism part-mediated by the catalytic subunits of cAPK. In contrast, 2iP and ethanol induced thermotolerance by a mechanism fully dependent on the catalytic subunits of cAPK for expression. Therefore, this implies there must be an alternative novel mechanism, other than CAMP, for activating cAPK during stress. Sublethal heating resulted in large increases in intracellular trehalose levels which correlated with the induction of thermotolerance. However, incubation in 2iP or ethanol had no significant effect. This suggests trehalose synthesis is either coincidental with heat stress or that different stress factors induce thermotolerance by alternative mechanisms. Incubation with protein synthesis inhibitors reduced the levels of trehalose synthesized during sublethal heating, suggesting that synthesis of trehalose-6-phosphate synthase during heat stress could be accounting for the increased trehalose levels.
Introduction
Among the physiological factors implicated in the acquisition of increased thermotolerance in stressed cells are heat-shock proteins (HSPs) (Sanchez & Lindquist, 1990) ; trehalose (Wiemken, 1990) ; membrane-bound ATPase (Coote et al., 1991 a ; Panaretou & Piper, 1990) , and the Go stage of the cell cycle (Plesset et al., 1987) . In addition, a decrease in intracellular pH (pH,) has been implicated as a common physiological trigger inducing some of these mechanisms (Coote et al., 1991a) . However, internal acidification is also known to activate the RAS-adenylate cyclase pathway and thus regulate cAMP metabolism (Valle et al., 1986; Thevelein, 1991) . It has been suggested that a decline in intracellular cAMP is an induction signal for many heat-shock genes (Piper, 1990; Praekelt & Meacock, 1990) and for the cessation of cell division in G I (Matsumoto et al., 1983) . Therefore, it is possible that cAMP metabolism, perhaps regulated by pHi fluctuations, is involved in the induction of increased thermotolerance in Saccharornyces cerevisiae.
Intracellular levels of cAMP are sensitive to environmental change and many enzymes are regulated by changes in cAMP levels (Krebs & Beavo, 1979) , e.g. trehalase (Van der Plaat, 1974) and fructose-l,6-bisphosphatase (Mazon et al., 1982) . A large transient intracellular peak of cAMP occurs upon addition of glucose to derepressed cells (Thevelein & Beullens, 1985) and there is some evidence of a slower and smaller increase with heat-shock treatment (Camonis et al., 1986; Thevelein, 1984~) .
CAMP-mediated regulation in eukaryotes is principally via a protein phosphorylation cascade (Thevelein, 1988) which activates a CAMP-dependent protein kinase (cAPK) which, in turn, phosphorylates and either activates, or deactivates, enzymes and thus brings about the cellular response to external stimuli. The cAPK consists of a regulatory subunit BCYl (Toda et al., 1987a; Cannon & Tatchell, 1987) , to which cAMP binds, and three catalytic subunits, encoded by TPKI, TPK2 and TPK3 (Toda et al., 1987b; Cannon & Tatchell, 1987) , whose action mediates the effects of cAMP (Beebe & Corbin, 1986) . These three TPK genes code for proteins with 75% homology (Toda et af., 19876) and, although deletion of all three is lethal, normal growth can be achieved with only one of the subunits. Strains with a mutation in the regulatory subunit of the protein kinase (6cyl) have constitutive activation of the cAPK catalytic subunits rendering them independent of cAMP levels (Matsumoto et af., 1982) . In addition, they cannot acquire thermotolerance or synthesize HSPs (Shin et af., 1987) , and cannot accumulate trehalose (Hottiger et af., 1989) . In contrast, strains disrupted in the adenyl cyclase gene (cyrl-2), which catalyses the formation of cAMP from ATP, are always thermotolerant. However, these strains constitutively synthesize HSPs (Shin et af., 1987) and have high levels of trehalose (Hottiger et al., 1989) . Clearly, there is substantial evidence of a role for cAMP metabolism in the induction of trehalose synthesis and thermotolerance.
Phosphorylation either activates or deactivates a number of enzymes resulting in the accumulation or breakdown of important intracellular compounds, including trehalose (Krebs & Beavo, 1979) . Trehalose, a non-reducing disaccharide, was initially thought to be mainly a storage carbohydrate (Thevelein, 19846) , but this is now thought to be unlikely due to the unfavourable energetics of conversion to and from a storage polymer (Wiemken, 1990) . Trehalose is also thought to act as a 'stress protectant' (Hottiger et af., 1987a; Attfield, 1987) . It is believed to preserve membranes and proteins on dehydration, and stabilize enzymes against thermal damage (Crowe et af., 1987) . Significantly, intracellular trehalose has been shown to increase enormously on exposure to sublethal heat (Hottiger et al., 1987a; Attfield, 1987) .
Both the synthetic and degradative enzymes responsible for trehalose metabolism, trehalose-6-phosphate synthase and neutral trehalase increase their activity during sublethal heat-shock (Hottiger et al., 19876) . It is believed that these enzymes are principally regulated by CAMP-dependent phosphorylation (Thevelein, 1988) . When cAMP levels are high, neutral trehalase and trehalose-6-phosphate synthase are believed to be phosphorylated and activated, deactivated respectively (Panek et af., 1987; Wiemken & Schellenberg, 1982) . However, some authors have reported only a small increase in cAMP upon sublethal heat-shock and also an increase in trehalose levels. Therefore, it seems trehalose may be regulated by means other than CAMP-dependent phosphorylation. Indeed, it has been suggested that trehalose-6-phosphate synthase is a HSP (Hottiger et al., 19876) . So, the role of CAMP-mediated regulation and the role of trehalose synthesis during stress has not yet been clearly elucidated.
In this work we have studied the effect of a plant cytokinin, N6-(A2-isopenteny1)adenine (2iP), believed to interfere with cAMP metabolism (Hecht et al., 1974; Coppola et al., 1976) on the stress response in Saccharomyces cerevisiae. Also, the effects of 2iP, sublethal heat and ethanol on levels of intracellular CAMP, the induction of thermotolerance and trehalose synthesis were investigated in wild-type S. cerevisiae and in strains with mutations in genes for two of the catalytic subunits of cAPK.
Methods
Organisms and growth conditions. Measurement of thermotolerance. Samples (1 0 ml) of late-exponential S . cerevisiae CMC 3236 were centrifuged, washed and resuspended in fresh broth, and allowed to resuscitate at 25 "C for 30 min. The cells were then incubated with either 50pg 2iP (Sigma) ml-l, 6% (v/v) ethanol, 100 pg cycloheximide (Sigma) ml-l, 50 pg 2iP ml-I plus 100 pg cycloheximide ml-I for 60 min with shaking at 25 "C, or sublethally heat-stressed at 42 "C for 30min in a shaking waterbath. After incubation, a 50 pl sample of culture was inoculated into 950 pl of preheated fresh broth at 54 "C in a modified thermocouple block calibrator DB-40L (Techne, Cambridge) (Coote et al., 1991 6). Samples (100 pl) were taken at various times throughout an 11 rnin heating period and immediately inoculated into 5 ml of fresh broth. Cells were resuscitated for 1 h, serially diluted, and plated in duplicate on Plate Count Agar (PCA) (Oxoid). The plates were incubated for 48 h at 30 "C before counting.
Induction of thermotolerance by 2iP, ethanol or incubation at 42 "C in S. cerevisiue strains W3031A, MB12 and MB13 was determined in cells which were prepared as above. However, following addition of 2iP, ethanol or transfer to 42 "C, 50 pl samples were taken after 0, 15, 30, 45 and 60min incubation and viability was determined after heating at 54 "C for 5 min as before. Heating times of 5 and 11 min at 54 "C were used to give similar losses of viable numbers in the different strains.
Measurement of trehalose. Trehalose levels were measured after addition of 2iP (50 pg ml-I), ethanol (6%, v/v), incubation at 42 "C (heat shock), and after a 30 min pre-incubation in cycloheximide (100 pg ml-I). Samples (20 ml) of late-exponential culture were taken 0, 15, 30, 45 and 60 rnin after treatment and harvested by filtration (Whatman GF/C), washed three times with 10 ml of ice-cold saline, and extracted with 2 ml of ice-cold 500 mM-trichloroacetic acid. Trehalose in the acid extracts was measured by the anthrone assay as described by Lillie & Pringle (1980 
Results
Eflect of 2iP and sublethal heat on trehalose synthesis and thermotolerance Cells, previously incubated at 25 "C, showed over a 100-fold loss in initial viable numbers after heating at 54 "C for 11 min (Fig. la, b) . Cells incubated at 25 "C contained low, unchanging levels of trehalose (Fig. 2) . However, cells having a prior incubation at 42 "C for 30min showed less than a 10-fold reduction in starting numbers after 11 rnin at 54 "C ( Fig. 1 a) . Furthermore, incubation at 42 "C resulted in a 20-fold increase above initial trehalose levels after 60min (Fig. 2) . Preincubation in 50 pg 2iP ml-l for 60 rnin also resulted in a similar induction of thermotolerance at 54 "C (less than a 10-fold reduction in starting numbers after 11 min) (Fig.  la) . However, pre-incubation in 2iP had little effect on trehalose levels which remained low (Fig. 2) . Also, incubation in 6% ethanol, which has also been shown to increase thermotolerance (Coote et al., 199 1 a), only increased trehalose by a factor of approximately 2-fold above starting levels after 60 min incubation, which is significantly less than the increase induced by sublethal heat (Fig. 2) . Pre-incubation with 2iP for 60 min followed by sublethal heating at 42 "C induced a similar degree of thermotolerance to 2iP or sublethal heat alone (Fig. l a ) . Pre-incubation with 100 pg cycloheximide ml-* alone had no effect on heat resistance (Watson et al., 1984) , as both control cells and cells pre-incubated with cycloheximide showed an approximate 1 00-fold reduction in starting numbers after 11 min at 54°C (Fig. lb) . As before, cells pre-incubated with 2iP (50 pg ml-l) for 60 min at 25 "C showed less than a 10-fold reduction in starting numbers after 11 min at 54 "C. However, incubation with cycloheximide and 2iP completely abolished the induction of thermotolerance by 2iP, and indeed, resulted in an even larger reduction in starting numbers (approximately 9000-fold after 11 rnin at 54 "C) than the control.
Incubation at 25 "C with cycloheximide (100 pg ml-l) had no effect on levels of trehalose, which remained low as in the untreated control (Fig. 3) . After sublethal heating for 60 min at 42 "C, trehalose synthesis increased approximately 20-fold above starting levels. However, this was reduced by approximately 60% in the presence of cycloheximide with only an approximate %fold increase in trehalose after 60 min at 42 "C (Fig. 3) .
Eflect of 2iP, sublethal heat or ethanol on levels of CAMP Addition of 100 mw-glucose to derepressed cells resulted in a large transient peak in cAMP levels 45 s after addition of glucose (Fig. 4) (Thevelein et al., 1987) . However, addition of 50 pg 2iP ml-l, ethanol (6%) or instantaneous heat-shock at 42 "C had no significant effect, within experimental error, on levels of cAMP after 5 min incubation (Fig. 4) . Incubation with 2iP, ethanol or at 42 "C for a further 55 min resulted in no further change in cAMP levels (results not shown). Control cells showed no change in cAMP levels over the same period of time. In addition, incubation of cells in the presence of 2iP for 60 min had no effect on the ability of glucose to induce a large, transient peak in cAMP (results not shown). Therefore, 2iP has no major effect on either the steady-state cellular level of cAMP or the glucose-induced rapid synthesis of CAMP.
Therrnotolerance and trehalose synthesis in strains deficient in two catalytic subunits of the cAPK
Induction of thermotolerance and trehalose synthesis was measured in three strains sharing auxotrophic markers. However, two of the strains also had disruptions in two of the three TPK genes. Strain W3031A showed an approximate 20-fold increase above starting levels of trehalose after incubation for 60 min at 42 "C. There was also a 12-fold increase in thermotolerance at 54 "C for 5 min after the same incubation period (Fig  5a) . However, strain MB12 (deficient in TPKl and TPK2), after 60min incubation at 42"C, showed increased trehalose synthesis of only 1 1-fold above starting levels, and increased thermotolerance of approximately 4-fold (Fig. 5b) . In strain MB13 (deficient in TPKl and TPK3), the increases were even less, only 8-fold for trehalose and 3-fold for thermotolerance (Fig.  5c) . Incubation of W3031A with 2iP (50pg ml-l) and ethanol (6%) resulted in an approximate 5-fold increase in thermotolerance after 60min, but no increase in trehalose levels (Fig. 5 a) . Significantly, the induction of thermotolerance in strains MB12 and MB13 by incubation in 2iP or ethanol was completely abolished (Fig. 5 6,   c) . Both MB12 and MB13 had similar responses to the applied stress factors in terms of the levels of trehalose synthesized and thermotolerance induced. In all strains, the untreated/uninduced controls showed unchanging levels of thermotolerance and trehalose when incubated over the same period.
Discussion
It has been proposed that perturbation in pHi may act as a rapid physiological signal triggering the stress response in S. cerevisiae, which results in increased thermotolerance (Coote et al., 1991a) . In this work, we have extended these studies to include the role of CAMP in the signal transduction of stress induced by heat shock and other environmental factors.
It has been shown that the plant cytokinin, 2iP, interacts with cAMP metabolism in both mammalian cells (Hecht et al., 1974) and prokaryotes (Coppola et al., 1976) . Therefore, the discovery that 2iP, at low concentrations (0.25 mM), induces the same degree of thermotolerance as sublethal heat stress appeared to confirm the view of Shin et al. (1987) that CAMP-mediated phosphorylation may regulate the stress response in S.
cerevisiae. Measurement of CAMP levels after addition of glucose revealed a large transient peak which has been reported to initiate CAMP-dependent phosphorylation (Thevelein, 1984b) . However, after incubation with 2iP, ethanol or sublethal heat no significant increase in cAMP levels could be detected. Therefore, it appears 2iP, ethanol and sublethal heat are able to induce thermotolerance by a mechanism independent of cAMP levels.
However, thermotolerance induced by sublethal heat is greatly reduced, and as induced by 2iP or ethanol is totally abolished, in strains without two of the three catalytic subunits of cAPK. This suggests that although 2iP, sublethal heat and ethanol do not increase cAMP (and thus CAMP-dependent phosphorylation), they do require the catalytic subunits of cAPK to induce full thermotolerance. This implies that these stress factors exert their effects independently of CAMP but directly on cAPK. This leads us to conclude that there may be a novel, stress-induced mechanism of activation of cAPK resulting in CAMP-independent protein phosphorylation by the kinase. Recently, Thevelein (1991) has reported a similar mechanism in nitrogen-starved cells. When they are provided with a nitrogen source there is no change in cAMP levels but they are able to activate, or deactivate, enzymes known to be regulated by CAMP-dependent protein p hosp horylat ion.
Although it has been shown that cells need only one functional TPK gene to grow as well as wild-type cclls (Toda et al., 1987b) there are indications that the P . J. Coote and others presence or absence of different TPK genes can lead to different phenotypes (Cameron et al., 1988) . Our experiments support this by showing that strains with either TPKl and TPK.3 absent, or TPKl and TPK2 absent have a reduced capacity for sublethal heat to induce thermotolerance, and have completely lost the capacity for 2iP and ethanol to induce thermotolerance.
Further evidence of the mode of action of 2iP comes from protein synthesis inhibition. Pre-treatment with cycloheximide totally abolishes the thermotoleranceinducing effect of 2iP, and indeed, further sensitizes the cell to heat damage. There is evidence to suggest 2iP can stimulate protein synthesis in rat-derived L6 myoblasts (Yagasaki et al., 1986) . So, it appears that the ability of 2iP to induce thermotolerance depends on de mvo protein synthesis that involves phosphorylation via CAMP-independent activation of the kinase.
In tracellular tre halose synthesized during sublet ha1 heat stress (Hottiger et af., 1987a; Attfield, 1987) has been proposed to be part of the protective mechanism of thermotolerance. Because trehalose metabolism and induced thermotolerance are believed to be regulated by protein phosphorylation we investigated the synthesis of trehalose induced by stress factors in strains with deletions in two of the three TPK genes. The large increase in trehalose observed after sublethal-heatinduced thermotolerance does not occur when 2iP and ethanol induce thermotolerance. If there is a common mechanism of thermotolerance, this would suggest that the synthesis of trehalose is merely coincidental during sublethal heating. However, this seems unlikely as we have shown that strains with disrupted TPK genes have reduced thermotolerance with sublethal heat and a correlating reduction in trehalose levels. This would still mean that 2iP and ethanol induce thermotolerance by a mechanism other than trehalose synthesis. Further work with mutant strains unable to synthesize trehalose may help to resolve this question.
It is believed that trehalose increases as a result of dephosphorylation of trehalase and trehalose-6-phosphate synthase (Thevelein, 1984; Hottiger et al., 19876) . The activation of trehalase by sublethal heat has now been shown to be an artefact (De Virgilio, 1991 ) but trehalose-6-phosphate synthase activity increases about 6-fold during sublethal heating (Hottiger et al., 19876) . This may be due to dephosphorylation or, if the enzyme is a HSP, increased synthesis of the enzyme. Incubation with cycloheximide reduced the amount of trehalose synthesized, suggesting that the increase in trehalose is at least partially due to synthesis of trehalose-6-phosphate synthase. However, the reduction in trehalose synthesized during sublethal heat stress in the TPK mutant strains suggest certain cAPK catalytic subunits also play a role in activating the enzyme or, perhaps deactivating trehalase. Previous results (Hottiger et al., 1987a; Attfield, 1987) have shown correlations between levels of trehalose and degree of thermotolerance but there is still no definitive proof that trehalose is a 'stress-protectant'.
In summary, we believe that sublethal heat induces thermotolerance by a novel mechanism independent of cAMP levels but part-mediated by the catalytic subunits of cAPK. In contrast, 2iP and ethanol also induce thermotolerance by a mechanism independent of cAMP levels but fully dependent on the catalytic subunits of cAPK. In the case of 2iP, it also appears to be dependent on protein synthesis. Both 2iP and ethanol did not increase trehalose levels suggesting that either trehalose synthesis is coincidental with heat stress, or there are different mechanisms of thermotolerance induced by different stresses. However, there was good correlation between levels of trehalose synthesized and the degree of thermotolerance induced by sublethal heat. Disruption of TPK genes reduced sublethal-heat-induced trehalose synthesis, suggesting the importance of the catalytic subunits of cAPK in trehalose metabolism. The use of protein synthesis inhibitors indicated the possibility that tre halose-6-phosp hate synt hase could be synthesized during heat stress and thus account for increased trehalose.
The complexity of the cellular response to stress is now becoming apparent. It has been suggested that there are HSP-independent and -dependent mechanisms of thermotolerance (Coote et al., 1991 a) and the data presented here suggest that there may be a CAMP-independent mechanism. Further studies will use strains with mutations in BCYl (encoding the protein kinase regulatory subunit) as well as in TPK, to examine the CAMPindependent mechanism of thermotolerance in more detail. The role of pHi in regulating some enzymes critical to the cellular response to stress, e.g. adenyl cyclase (Valle et al., 1986) , and the stress response itself (Panaretou & Piper, 1990; Coote et al., 1991a ) is now known. Perhaps the cell uses a single environmentally sensitive signalling factor, e.g. pHi, to initiate the stress response. The mechanism of thermotolerance subsequently induced, rather than being a single unifying mechanism, could be due to a contribution from several factors, e.g. HSPs, ATPase and trehalose.
Finally, only by linking the range of physiological responses to stress can an overall understanding of this multi-component mechanism of thermotolerance be achieved.
